STUDY QUESTION: Is the molecular profile of human spermatogonia homogeneous or heterogeneous when analysed at the single-cell level?
Introduction
Two models for the organization of adult stem cell systems are currently controversially discussed. The traditional model assumes that the stem cell system is hierarchically organized. This means that stem cells are characterized by a specific expression profile and that cells lose their self-renewal potential irreversibly when they give rise to progenitor and differentiated cells. In contrast to that, a rather flexible organization of the adult stem cell system has recently been proposed. According to this model, the expression profile within the stem cell population changes dynamically over time and might be influenced by the local microenvironment. In addition to that, cells committed to differentiation can revert to stem cells. This latter model therefore suggests the existence of a heterogeneous stem cell pool (for review see Krieger and Simons, 2015) . One adult stem cell system for which the traditional hierarchical model has been assumed is the human spermatogonial stem cell (SSC) system. Properties of SSCs include the ability to self-renew, as well as to give rise to committed progenitor cells that eventually differentiate into sperm. These cells transfer the genetic information from one generation to the next. The SSC system is differently organized in rodents and humans. In the mouse, the A single spermatogonia show high proliferative activity and have the ability to undergo self-renewing divisions. They are therefore regarded as the stem cell population. Remaining types of A spermatogonia (A pair , A aligned , A 1 -A 4 ) undergo expansion through a process of incomplete mitosis, resulting in interconnected clones (de Rooij, 1998) . This mitotic spread facilitates, in theory, the generation of 8.192 spermatids, originating from one A single spermatogonium . In the human, only two types of A spermatogonia can be distinguished, the A dark and the A pale spermatogonia (Clermont 1966a,b) . While A dark spermatogonia show low proliferative activity and are considered the reserve stem cells, A pale spermatogonia undergo regular cell divisions and have the ability to self-renew. As a result of only two mitotic divisions prior to initiation of meiosis, spermatogonial clones are smaller compared to those in the mouse and only 16 sperm can be derived from one division of an A pale spermatogonium . Due to these differences, the mouse does not constitute an appropriate model system to assess the characteristics of human spermatogonia. Whereas the SSC system in rodents and primates shows remarkable differences , the processes of cell proliferation and differentiation of spermatogonia in both orders occur in the form of clonal divisions (Ehmcke et al., 2005; Valli et al., 2014) . Within these cellular clones, cells are connected via cytoplasmic bridges and develop in a synchronized pattern (Dym and Fawcett, 1971; van Alphen et al., 1988; Ehmcke et al., 2005) .
Recent studies have aimed at the characterization of these clones based on marker gene expression. Immunofluorescence analyses of whole mount preparations have revealed the co-expression of fibroblast growth factor receptor 3 (FGFR3) and undifferentiated embryonic cell transcription factor 1 (UTF1) in spermatogonial clones that mostly consisted of two or four cells. Expression of these markers did not colocalize with the proliferation marker KI-67, demonstrating that these clones are rarely dividing A-spermatogonia (von Kopylow et al., 2012) . Interestingly, studies using mice as animal models have also shown that some spermatogonial clones show a heterogeneous expression of markers such as GFRA1 and NANOS2 (Grisanti et al., 2009; Suzuki et al., 2009) , suggesting a higher level of heterogeneity than previously anticipated. These findings indicating the presence of spermatogonial subpopulations are supported by a recent study reporting the transcriptional heterogeneity of spermatogonia in neonatal mice (Hermann et al., 2015) . Employment of the microfluidic Fluidigm system for single-cell qPCR analyses of 172 genes in individual spermatogonia revealed the presence of spermatogonial subtypes, which may have distinct functions (Hermann et al., 2015) .
Technical advances in next-generation sequencing and single-cell analyses have resulted in an increasing number of publications focusing on intra-individual differences in cell populations, including human embryonic stem cells (ESCs) (Gibson et al., 2009; Wills et al., 2013) . Key insight from these studies have revealed that analysis of a cell population including different cell types obscures the cell-to-cell variability as well as the presence of specific subpopulations (Gibson et al., 2009 ). In addition, Lee et al. have merged the insights gained in the field of epigenetic and transcriptional heterogeneity into a model stipulating that stem cells pass through a state of heterogeneity which enables them to respond differently to differentiation stimuli (Lee et al., 2014) . Whether this state of heterogeneity can also be observed in adult human spermatogonia, however, remains unknown.
Progress regarding the culture of human spermatogonia, including SSCs (Sadri-Ardekani et al., 2009; He et al., 2010; Kossack et al., 2013) , has enabled further characterization of these cells. In vitro, spermatogonia can be identified based on their distinct morphology and arrangement in germ cell clusters (He et al., 2010; Kossack et al., 2013) . Immunofluorescence analyses of these clusters has demonstrated expression of the undifferentiated germ cell markers, UTF1 and MAGE A4, indicating that these cellular arrangements represent spermatogonial clones. Furthermore, the germ cell-enriched culture fractions showed a significantly increased expression of germ cell-specific marker genes including FGFR3, UTF1 and MAGE A4 (spermatogonia and spermatocytes), DDX4 (a general germ cell marker), BOLL (a meiotic marker) and PRM2 (a spermatid marker) (Kossack et al., 2013) . The majority of studies focusing on human adult spermatogonia have been done on bulk samples, which provide an average signal from the whole population of cells, potentially masking relevant signals from single spermatogonia. Technical progress in the area of single-cell transcriptional analyses (Grindberg et al., 2013; Saliba et al., 2014) may lead to the identification of hitherto unknown SSC markers. Moreover, this approach would help not only to unveil the differential gene expression pattern that accompanies symmetric or asymmetric divisions of human spermatogonia but also to evaluate the cellular responses to specific growth factors or general culture conditions. Identifying the distinctive characteristics of the human SSC system is crucial. These are important steps forward to identify the essential conditions for successful in-vitro spermatogenesis and even to unravel the underlying causes of male infertility. In a recent study, von Kopylow et al. reported for the first time the successful isolation of individual human spermatogonia, based on FGFR3 labelling, and demonstrated the possibility of obtaining single cell reads from this cell population (von Kopylow et al., 2016) . In this study, we adopted a different approach and selected individual human spermatogonia based on their morphological properties to assess the characteristics of this population in a less restricted cell population. Specifically, we aimed to determine the expression profile of individual human spermatogonia at the single-cell level. Moreover, we sought to evaluate the ability of single-cell RNA-seq analysis to identify cluster heterogeneity and define novel human SSC markers.
Materials and Methods

Ethical approval and selection of testicular biopsies
Testicular biopsies were obtained and selected from infertile male patients presenting with obstructive azoospermia or unexplained azoospermia with normal follicle stimulating hormone serum levels and clinically suspected arrest of spermatogenesis at the Department of Clinical Andrology, University Hospital Münster, Germany. Ethical approval was obtained to request for one additional testicular biopsy from patients during a routine surgical procedure (Ethics Committee of the Medical Faculty of Münster and the State Medical Board no. 2008-090-f-S). Following written informed consent, biopsies for research purposes were obtained simultaneously with biopsies for therapeutic testicular sperm extraction and histological analysis. Additionally, testicular tissue from a patient afflicted with gender dysphoria was used for this study. Following ethical approval (Ärztekammer Westfalen-Lippe, no. 2012-555-f-S) and written informed consent, testicular tissue was obtained at the time of sex reassignment surgery at the University Clinic of Essen. In the operating rooms, testicular tissues were immediately placed into chilled MEMα (Life Technologies GmbH, Gibco) for transport.
Histological analysis and blood hormone measurements
For routine histological evaluation, testicular tissues were fixed in Bouin's solution overnight and were then washed and stored in 70% (v/v) ethanol. Tissues were embedded in paraffin and sectioned at 5 μm for periodic acid-Schiff/hematoxylin staining. This staining was performed according to a previously published protocol (Brinkworth et al., 1995) . According to the method of Bergmann and Kliesch (Bergmann and Kliesch, 2010) , testicular histology was evaluated in two entire sections from two independent biopsies. The percentage of tubules with elongated spermatids was assessed, using a score from 0 (tubules do not contain any elongating spermatids) to 10 (100% of tubules contain elongating spermatids). Additionally, the percentage of seminiferous tubules containing spermatocytes or spermatogonia as the most advanced germ cell type and the percentage of tubules with a Sertoli cell-only phenotype and completely hyalinized tubules (tubular shadows) were determined. Measurements of serum concentrations for follicle stimulating hormone, luteinizing hormone, and testosterone were done as previously described (Kossack et al., 2013) .
Digestion of testicular tissue and short-term culture of testicular cells
Mean weight of testicular biopsies was 0.051 g (±0.032). In order to obtain a testicular cell suspension, a two-step enzymatic digestion was performed following our published protocol (Kossack et al., 2013) . Briefly, for the first step, testicular tissues were mechanically dissected and incubated in MEMα (Life Technologies GmbH, Gibco, Darmstadt, Germany) with 1 mg/ml collagenase IA (Sigma-Aldrich, Munich, Germany) at 37°C for 30 min. To stop the digestion, MEMα supplemented with 10% foetal calf serum (FCS) (GE Healthcare Life Sciences, Freiburg, Germany) and 1% Pen/Strep (Biochrom, Berlin, Deutschland) was added, and cells were collected through centrifugation at 438g for 5 min. For the second step, the cell pellet was incubated in 2 ml Hank's balanced salt solution (Life Technologies GmbH, Gibco) containing 20 mg of trypsin (Life Technologies GmbH, Gibco) and 11 mg of DNaseI (Sigma-Aldrich) at 37°C for 10 min. A singlecell suspension was obtained by strong pipetting. The reaction was stopped as outlined above and cells were washed twice with MEMα. Additionally, a 3 min incubation with haemolysis buffer (0.83% NH 4 Cl solution) was performed to remove erythrocytes. Enzymatic digestion was stopped as outlined above, the pellet was washed, and the cells were resuspended in 2 ml medium prior to cell counting using the trypan blue exclusion method.
A total of 150 000 cells were snap-frozen, stored at −80°C, and served as Day 0 control for qPCR analyses. Cells were plated at a density of <24 000 cells/cm 2 onto two uncoated cell culture dishes (size 6 cm) and cultured in MEMα supplemented with 10% FCS and 1% Pen/Strep at 35°C and 5% CO 2 atmosphere. In order to achieve an enrichment of the germ cell population, the cells from the supernatant (SN) were removed from attached (AT) cells 18 h after plating and cultured separately. Preliminary experiments revealed that following 3-5 days of culture, testicular somatic cells were morphologically clearly distinguishable from testicular germ cells. One cell culture plate was therefore transferred to the Max Planck Institute for single-cell analyses on Days 3-4, incubated at 35°C and 5% CO 2 atmosphere overnight, and used for single-cell micromanipulation the following day. Cell suspensions from the SN and AT fractions were collected from the remaining cell culture plates on the same day for qPCR analyses.
RNA expression analysis of cell fractions
RNA isolation and DNase digestion from the SN and AT cell fractions was performed using the RNeasy Micro Kit (QIAGEN, Hilden, Germany) following the manufacturer's instructions. For cDNA synthesis, iScript cDNA synthesis Kit (Bio-Rad, Munich, Germany) was used with 75 ng RNA. cDNA was diluted 1:2 with nuclease-free water (QIAGEN) and 1.5 μl was used for each 15 μl PCR reaction with PowerSYBR Green Mastermix (Life Technologies GmbH, Applied Biosystems). Primer sequences for germ cell marker genes, FGFR3, UTF1, MAGE A4, DDX4, BOLL and PRM2, and the somatic marker genes, ACTA2 and VIM, were the same as those used in a previously published study. The PCR programme was also as previously reported (Kossack et al., 2013) . qPCRs were run on the StepOnePlus TM and analysed using the StepOne TM software. Results are shown as 2
−ΔCt values using GAPDH as reference gene. For analysis of the marker gene OCT4 TaqMan assays (Table S1 ) and Gene Expression Mastermix were used to avoid nonspecific signals.
Statistical analyses
Analyses were performed using GraphPad Prism Version 5.0 (GraphPad Software, Inc., San Diego, USA). Statistical differences between the groups (Day 0, SN cells and AT cells) were evaluated using the non-parametric Kruskal-Wallis test, followed by a pairwise Mann-Whitney U-test to analyse inter-group differences. Results obtained from the patient with spermatogonial arrest (blue circles, Fig. 2) were not included into the analysis. Significant differences between the groups are marked with *P < 0.05 and **P < 0.01.
Single-cell isolation from germ cell-enriched short-term cultures
Single-cell micromanipulation was performed as previously reported (Grindberg et al., 2013) . Specifically, clusters of cells from short-term cultures (Days 4-5) were micromanipulated under bright field conditions with a Nikon te2000-u inverted microscope (20× and 40× objectives) and a manual CellTram® Oil Transferman® (Eppendorf, Wesseling-Berzdorf, Germany). All consumables were sterilized with shortwave (254 nm) UV crosslinking (CX-2000, UVP). Samples and glass slides were routinely replaced with cold samples and slides after 5 min of micromanipulation. Clusters of cells were disaggregated into single cells manually using a sterile glass micropipette (Eppendorf Transfer Tip [ES] with an inner diameter of 15 μm) and deposited into a sample well containing PBS with 5% bovine serum albumin (BSA) (PBS-BSA, 50 μl) on a glass slide fitted with an adhesive Press-to-Seal™ silicon isolator well (Invitrogen, Darmstadt, Germany). Cells picked from the sample wells were bathed in an additional rinse well containing cold PBS-BSA (50 μl) on the same slide. For rinsing, each cell was drawn into and expelled out of the microcapillary tube approximately three times before final capture (1.0 µl of the rinse buffer was carried through all subsequent steps as a no template control for contaminating nucleic acids). Single cells and no template controls were then transferred to a sterile 0.2 ml thin-walled PCR tube (Eppendorf, DNase and RNase free) in a 1.0 μl droplet of cold PBS-BSA (Ambion, Berlin, Germany). These isolated cells were immediately processed for cDNA synthesis or flash frozen in liquid nitrogen and stored at −80°C until processing.
Single-cell cDNA synthesis and RNA expression analysis of cell cultures
Human ESCs (HUES2, HUES6, H1 and H9) and human foetal gonadal stromal cells (hFGS, a generous gift from Prof. A. Clark; Department of Molecular, Cell and Developmental Biology, UCLA) and human Sertoli cells (Clonetics, Lonza, Switzerland) were included as positive controls to evaluate the technical feasibility of single-cell PCR analyses. To control for amplification bias, total RNA from bulk samples ( >10 6 cells) was diluted to 10 cell (100 pg) and single-cell RNA equivalents (10 pg) and, in parallel with single cells, was subjected to low-template cDNA synthesis and PCR amplification. Steps were performed according to previous methods (Tang et al., 2011) . Samples were lysed with heat, and mRNA was reverse-transcribed using a poly(dT) primer. First strand cDNA was then polyadenylated with terminal transferase and second-strand cDNA synthesis was completed with a second poly(dT) primer. Double stranded cDNA was then amplified with limited rounds of PCR (18 cycles) to preserve relative expression levels. The products represented the global transcriptional signature and were screened for relevant marker genes (Table S1 ). The templates for qPCR were a 1:10 dilution of the first round PCR products from each cell or cell equivalent. An aliquot (0.5 µl) of TaqMan® gene expression assay (Life Technologies), mixed with 5.0 µl of TaqMan® Universal PCR Master Mix (Life Technologies), was brought to a final volume of 10 µl with nuclease-free water (Ambion). Real-time thermal cycling conditions were: 95°C for 2 min, followed by 50 cycles of 95°C for 10 s and 60°C for 30 s, performed on an ABI 7900 HT Fast Real-time PCR detection system (Applied Biosystems). To control for sample-to-sample variability, spike-in controls (1.0 µl of a 10 6 dilution of ERCC mRNA spike-in mix 1, Life Technologies) were added to each tube immediately before cell lysis and included in all subsequent steps. These are useful for normalization and data comparison across gene expression experiments. Single-cell spike-in controls enable a determination of the dynamic range of a dataset, revealing high efficiency and low variability among the single cell and total RNA dilution samples. Normalization using reference genes is a typical approach for bulk samples. However, the stochasticity of intracellular processes generates variability in individual gene expression, even in apparently homogenous cell populations. Due to the high resolution of single-cell gene expression data, canonical reference genes are observed as variably expressed and are difficult to define. Expression of the commonly applied reference genes B2M, GAPDH and HPRT1 was analysed and this yielded heterogeneous results between individual cells (data not shown). Therefore, the results were normalized to the ERCC spike-in control and shown as the Log 10 expression.
Single-cell library production and RNA-seq
As the expression of OCT4 may indicate an undifferentiated state of spermatogonia or even a stem cell identity, the two OCT4-expressing cells were selected for validation of global transcriptional capture from a single cell using shallow RNA-seq. Libraries were made from 20 ng of double stranded cDNA according to previous methods (Tang et al., 2011) . Samples were barcoded and sequenced on an IonTorrent/ LifeTechnologies Personal Genome Machine (PGM) 1.0 gig, 316 chip following the manufacturer's protocols, then 1.36 M reads with 891 thousand reads >=Q30 were generated for sample 1 and 1.13 M reads with 750 thousand reads >=Q30 were generated for sample 2. The mean reads length was 109 bp and 110 bp, respectively. TorrentSuite software (ver. 3.2, IonTorrent/LifeTechnologies) was used for mapping the reads to the reference genome version hg19. The resulting BAM files were used for plot coverage analysis.
Immunohistochemical detection of germ cell markers in testicular tissue sections
Preparation of testicular tissue sections and immunohistochemical stainings were performed following our previously published protocol (Albert et al., 2012) . Bouin's fixed tissue was used for all antibodies, except for NGN3 and TSPY1. These latter two antibodies were stained on 4% PFA-fixed sections. Primary antibodies included DDX5 (sc-166167, Santa Cruz Biotechnology, Texas, USA; dilution 1:400), EEF1A1 (11402-1-AP, Proteintech, Chicago, USAL; dilution 1:100), NGN3 (ab38548; Abcam, Cambridge, UK; 1:100), MAGE A4 (provided by Prof. G.C. Spagnoli from the University Hospital of Basel Switzerland; dilution 1:20), TSPY1 (ab189383; Abcam, Cambridge, UK; dilution 1:400) and UTF1 (MAB4337; Millipore, Schwalbach, Germany; dilution 1:50).
Results
Histology and serum hormone levels of patient cohort
Routine histological analyses of the tissue sample with spermatogonial arrest (SPG-arrest, n = 1) revealed that spermatogonia were present in 78% of the seminiferous tubules (Table I) . This sample was selected as spermatogonia are the only germ-cell type meaning that all germ cell-specific expression profiles must originate from this target population. In the second patient group with qualitatively intact spermatogenesis (n = 7), elongated spermatids were present in 60-70% of the seminiferous tubules, resulting in a score of 6-7. Gonadotropin (LH: 4.73 ± 3.65 U/l; FSH: 6.19 ± 2.40 U/l) and testosterone levels (18.5 ± 6.26 nmol/l) were largely within the normal range, and sperm was detected in each sample obtained for testicular sperm extraction, providing evidence for the homogeneity of testicular tissues (Table I) . Representative images of the SPG-arrest and a biopsy with qualitatively normal spermatogenesis are shown in Fig. 1A and B, respectively. On Day 4 of germ cell culture, cultures established from testicular tissue with SPG-arrest contained mostly single cells and few pairs (Fig. 1C) , whereas cultures from patients with qualitatively normal spermatogenesis were characterized by the presence of characteristic germ cell clusters ( Fig. 1D-F) . This result instilled confidence that the culture methods enable the selected micromanipulation and isolation of germ cells based on their distinct morphological characteristics.
Expression analysis of human testicular cell cultures
The enrichment of human spermatogonia can be achieved by the separation of cells in the SN containing germ cell clusters from those that attach to the culture plate (Kossack et al., 2013) . Relative gene expression analysis of the SN and the AT cell fractions was performed to assess whether the spermatogonial enrichment was achieved at the time that proved to be ideal for the micromanipulation of cells following short-term culture.
Following short-term culture, relative expression analysis of germ cell-specific and testicular somatic cell marker genes was performed, analysing testicular tissues (Day 0), the germ cell enriched SN and the AT fraction. Interestingly, the expression level of OCT4 on Day 0 and in the SN cell fractions after short-term culture was comparable but significantly higher than that in the AT cell fractions. Expression levels of the marker genes for undifferentiated spermatogonia, including UTF1, FGFR3 and MAGE A4, were even significantly enriched in the SN fractions compared to the initial cell population and the AT cell fractions, demonstrating an enrichment of human spermatogonia in the SN (Fig. 2B-D) . The general germ cell marker gene DDX4, the meiotic marker gene BOLL, and the spermatid marker gene PRM2 showed comparable expression levels on Day 0 and in the SN fractions but significantly higher levels compared to the AT cell fractions (Fig. 2E-G) . In contrast, the testicular somatic marker gene VIM was significantly enriched in the AT cell fractions, and expression of ACTA2 was even depleted in the SN fractions compared to the initial cell suspension and significantly higher in the AT fractions (Fig. 2H,I ). These findings demonstrate that the SN is indeed enriched with spermatogonia and depleted of human testicular somatic cells. Using testicular tissue with a SPG-arrest for initiation of germ cell cultures, expression levels were considerably lower, whereas the expression patterns on Day 0, and in the SN and the AT fractions were comparable to those of cultures from biopsies with qualitatively intact spermatogenesis. However, expression of BOLL and PRM2, the marker genes for differentiating germ cells, were not detectable. The enrichment of spermatogonia through this culturing method enabled the identification, selection via micromanipulation, and downstream mRNA expression analysis of single germ cells. Single-cell expression analysis of control samples and micromanipulation of human germ cell clusters
As technical controls and bulk comparisons to single-cell qPCR analyses, RNA was isolated from cell populations of human ESCs, foetal gonadal stromal cells, and commercially available testicular Sertoli cells. Global transcriptome amplification and gene expression analyses were performed using 10 pg and 100 pg amounts, which is equivalent to the total RNA that can be obtained from 1 and 10 typical mammalian cells, respectively. Additionally, single-cell micromanipulation and downstream expression analyses were performed. These analyses revealed a comparable relative expression pattern irrespective of whether 100 pg or 10 pg were used for expression analyses, so that amplification bias was ruled out. For five of the six genes analysed, on average, the expected 10-fold decrease in expression level between the 100 pg and 10 pg samples was observed ( Fig. 3 and S1 ), confirming the efficiency of the cDNA synthesis and amplification in the single-cell equivalent samples (e.g. VIM expression in HUES2 100 pg and HUES2 10 pg is 5.5 and 4.5, respectively on a Log10 scale). In the case of BOLL, the average difference between the 100 pg and 10 pg samples only decreased by a factor of 6 (instead of 10). This can be explained by the low expression in the 100 pg samples (e.g. HUES2 and H9, 0.3 and 0.7, respectively). The gene expression levels detected in the single cells are therefore within the expected range, compared to the controls, instilling confidence that the method captures and reports the biological signal. In contrast to the results obtained from cell suspensions, single-cell analyses of HUES2, HUES6, H1 and H9 revealed high heterogeneity between individual cells (Fig. 3 ), yet are consistent with single-cell global transcriptional data from other tissue types with isogenic backgrounds (Tang et al., 2011; Grindberg et al., 2013) . Expression of the undifferentiated and germ cell marker genes was detected in the positive controls, but not in the negative controls, further validating our single-cell approach. Collectively, these results gave confidence to applying our single-cell method for selecting and analysing single human germ cells. Isolation of single cells was carried out by micromanipulating the individual cells, and subsequently, cDNA synthesis and downstream qPCR or RNA-seq were performed using cells from the SPG-arrest patient and germ cell clusters from biopsies with qualitatively normal spermatogenesis (Fig. S2A) . These cells were then mechanically separated to obtain single cells (Fig. S2B ).
Single-cell expression pattern of human spermatogonia and in human germ cell clusters
In contrast to germ cell cultures from patients with qualitatively normal spermatogenesis, cultures from the patient with germ cell arrest at the stage of spermatogonia contained only two-cell clusters or individual cells in the SN fraction. These cells were selected and single-cell PCR results were obtained for eight target loci from 20 individual cells (Fig. 4) . Based on marker gene analyses, five subpopulations of cells were identified. While three cells expressed only VIM, or VIM and ACTA2, 17 cells showed a germ cell-specific marker gene expression pattern. As in the control cells, the expression profile of these cells was highly heterogeneous. Two individual cells expressed the undifferentiated germ cell marker genes UTF1 and DDX4, or solely MAGE A4. In contrast, seven cells showed expression of MAGE A4 and DDX4, with expression spanning up to 5 orders of magnitude. Eight cells expressed solely DDX4. Expression of the meiotic and spermatid marker genes BOLL and PRM2, respectively, was not detected (Fig. 4) . The observed heterogeneity in both marker type expression and degree of expression is unprecedented in human germ cells. However, as the arrest of spermatogenesis at the stage of spermatogonia was the result of cross-sex hormone treatment, these results may not be reflective of the normal situation. Germ cell cultures from patients with qualitatively normal spermatogenesis contained germ cell clusters consisting of 2-10 cells (2 cells, n = 1; 4 cells, n = 3; 5 cells, n = 1; 6 cells, n = 1; 7 cells, n = 3; 9 cells, n = 1; and 10 cells, n = 3). In all patients, subpopulations were identified within a cluster (Fig. 5) . Interestingly, single-cell expression analyses from patients with qualitatively normal spermatogenesis yielded even more heterogeneous results. Analyses revealed that each germ cell cluster consists of cells expressing undifferentiated as well as differentiated marker genes. More specifically, the germ cell cluster obtained from Patient 1 contained two cells expressing the undifferentiated marker gene OCT4 (1-1) . The same germ cell cluster contained one cell expressing MAGE A4 and DDX4 and one cell expressing MAGE A4, DDX4, and PRM2.
Another germ cell cluster (Patient 5, Cluster 3), contained a single cell expressing the germ cell marker genes MAGE A4 and DDX4, cells expressing DDX4 and BOLL or DDX4 and PRM2, as well as cells expressing either PRM2 or BOLL (Fig. 5) . Importantly, this heterogeneous expression was also detected at the protein level evaluating UTF1 and MAGE A4 expression in patient samples with qualitatively normal spermatogenesis and SPG-arrest (Fig. S3A-H) .
Single-cell RNA-seq analysis and spermatogonia-specific expression of candidate markers
To evaluate the method, two single OCT4 positive cells from a patient with qualitatively normal spermatogenesis were selected for shallow RNA-sequencing (Fig. 5 cluster 1-1, cells a,b) . Low coverage was achieved from each of the cells with 568 412 and 564 509 mapped reads. The RNA-seq data cannot be used to compare differential gene expression from cell to cell, as coverage of the whole transcriptome was too low, approximated at <1.0× coverage. However, the data can be used to determine whether single-cell cDNA synthesis and amplification was successful by observing whether the reads mapped primarily to exons. Reads mapped for instance to DDX4, DDX5, EEF1A1 and TSPY1 exonic regions, validating the single-cell gene expression method ( Fig. S4A and B) . RNA-seq data therefore provided first information of highly abundant transcripts in individual human spermatogonia. Four candidate markers showing high RPKM (reads per kilobase of transcript per million mapped reads) values were selected for immunohistochemical analysis. Specific expression of DDX5 (Fig. 6A,B) and EEF1A1 (Fig. 6C,D) was detected in spermatogonia. While DDX5 shows a nuclear expression, EEF1A1 was localized to the cytoplasm of cells. Importantly, immunopositive and immunonegative spermatogonia were detected in close proximity demonstrating the heterogeneous expression profile of the spermatogonial population. TSPY1 (Fig. 6E) and NGN3 (Fig. 6F) were also specifically expressed by spermatogonia located at the basement membrane of seminiferous tubules, and somatic cells including Sertoli cells remained immunonegative. No staining was observed in the corresponding IgG control sections (data not shown).
Discussion
Single cell expression data was obtained from 105 selected cells, 101 cells of which showed germ cell marker expression. In addition, RNA seq analysis of individual cells allowed for identification of highly expressed spermatogonial markers. However, instead of a specific molecular fingerprint, we observed high heterogeneity among spermatogonia at the RNA as well as the protein level. This is the first study, assessing the expression of a germ cell marker panel in individual human spermatogonia. Moreover, highly selected patient samples ensured that expression data were indeed obtained from the target cell population (SPG-arrest patient) and reflect the situation in patients under normal conditions, respectively. It has to be noted though, that we cannot exclude that the transcriptional heterogeneity is associated with cell-cycle status. Also, it remains to be elucidated whether the expression profile of individual spermatogonia is dynamic over time.
Differential plating and short-term culture (3-4 days) of human testicular cell suspensions resulted in an enrichment of cells expressing undifferentiated germ cell marker genes (UTF1, FGFR3 and MAGE A4) in the SN fraction. Interestingly, the expression pattern of the undifferentiated marker gene OCT4 was similar to germ cell marker genes, indicating a higher expression in germ cells compared to testicular somatic cells. However, it has to be noted that the selected primers span exon boundaries 2-3 and therefore do not facilitate the evaluation of the pluripotency-associated isoform OCT4A (Wang and Dai, 2010) . The enrichment of spermatogonia in the SN fraction is in line with previous studies (Steinberger, 1975; Sadri-Ardekani et al., 2009; Kossack et al., 2013) and we therefore considered this approach ideal for the micromanipulation of individual spermatogonia.
Efficiency and specificity of the single-cell expression procedure was demonstrated by evaluating expression of eight target loci (undifferentiated, germ cell and somatic cell marker genes) from 100 pg to 10 pg of total RNA obtained from bulk human cultured ESCs. These control experiments validated our single-cell approach by maintaining the efficiency of cDNA synthesis at 100-(10-cell equivalents) and 10-pg (1-cell equivalent) levels, as the expected drop in expression value was observed. The 1-cell equivalent samples expression was consistent with levels from the single cells isolated by micromanipulation. We demonstrated the specificity of the method, as the undifferentiated and germ cell marker genes were detected only in the positive controls, whereas the somatic markers were detected in the somatic cell controls.
Single-cell data obtained from the patient with SPG-arrest showed a lack of BOLL and PRM2 expression, which was consistent with the absence of meiotic cells shown in the histological analysis, the expression analysis of cell suspensions, and the results of previous publications (Luetjens et al., 2004; Grassetti et al., 2012) . Moreover, analysis of individual cells was typical of either somatic cells or germ cells, demonstrating that these cell types can be clearly distinguished by their expression profile. Data from the patient sample with SPG-arrest was highly valuable to confirm validity of our technical approach of spermatogonial isolation; it cannot be excluded however, that the heterogeneity in gene expression levels was the result of the cross-sex hormone therapy that caused this germ cell arrest. Yet, single-cell expression of germ cell clusters isolated from patients with qualitatively normal spermatogenesis also revealed heterogeneous expression profiles among individual spermatogonia. Interestingly, from the total of 105 single cells that were analysed, two cells (1.9%) expressed OCT4 as well as the germ cell-specific marker genes MAGE A4 or DDX4. While previous studies have demonstrated that OCT4 is not expressed in normal adult primate testes at the protein level (RajpertDe Meyts et al., 2004; Mitchell et al., 2008; Albert et al., 2010) , the expression of OCT4 at the RNA level may be a characteristic of individual undifferentiated germ cells. A common feature of germ cell clusters was the presence of cells expressing undifferentiated marker genes, and cells with a differentiated profile expressing solely the meiotic and spermatid marker genes BOLL and PRM2. Also, the variability in expression between different cells from the same patient was higher than between cells from different individual patients, which is consistent with the singlecell gene expression in B lymphocytes from another study (Wills et al., 2013) . For interpretation of these results, it needs to be considered that genes are not expressed constitutively at the single-cell level, but that gene expression rather presents a postmortem snapshot of current RNA levels, which is influenced by processes of gene activation, RNA transcription and RNA degradation (Wills et al., 2013; Singer et al., 2014) . Regardless, the results obtained in this study indicate that germ cell clusters may consist of spermatogonia with heterogeneous transcription profiles. More specifically, undifferentiated as well as differentiating cells may be present within these clusters of interconnected cells.
The finding of heterogeneous expression profiles in individual human spermatogonia is in line with a recent study focusing on mouse spermatogonia. Specifically, Fluidigm gene expression analyses of individual mouse spermatogonia revealed that distinct cellular subpopulations can be identified based on their transcriptional profile (Hermann et al., 2015) . Comparisons of single cell expression data between rodents and primates may help to uncover how gene expression profiles relate to differences in the SSC systems. Traditionally, the different spermatogonial subtypes in mouse and men have been identified based on morphological characteristics of nuclear chromatin visualized by hematoxylin staining. Emerging single cell gene expression data may allow interlinking of the morphological characteristics of human spermatogonial subtypes with molecular profiles. However, it will be challenging to obtain single cell RNA-sequencing data from individual cells that have been previously fixed and stained.
Heterogeneity among spermatogonia in this study was not limited to the RNA level. Rather, the heterogeneous expression of spermatogonial markers (UTF1 and MAGE A4) was also observed at the protein level in both patient groups. In addition to that, the presence of different subpopulations is supported by recently published protein data demonstrating that subpopulations of human spermatogonia can be identified by the distinct marker expression of SALL4, ZBTB16, UTF1 and UCHL1 at the protein level (Valli et al., 2014) . Owing to the advances in the area of single-cell analyses, an increasing number of studies have focused on the heterogeneity of individual stem cells within a seemingly homogeneous population (Gibson et al., 2009; Wills et al., 2013) . Lee et al. recently proposed that this heterogeneity, which can be observed at the epigenetic and transcriptional levels of stem cells, may be of functional relevance, as it allows cells to respond differently to the same differentiation stimuli (Lee et al., 2014) . Our study now provides the first dataset demonstrating that the recently proposed model of a transcriptionally heterogeneous stem cell pool indeed applies to the human SSC system. Unexpectedly,~11% of the single-cell samples (12 of 105) showed expression of germ cell-specific markers and somatic markers. The presence of the somatic cell signal could be attributed to the close physical association between germ cells and somatic cells (Fig. S5) , such that when the germ cells were micromanipulated, pieces of the somatic cells could have been transferred along with the intact germ cells. Based on no template controls, we can rule out the presence of nucleic acid contaminants coming from the surrounding medium. Additionally, 17% of the cells in the population of mouse spermatogonia with an Id4-eGFPphenotype were shown to express spermatogonial and Sertoli cell markers (Hermann et al., 2015) . As the authors can exclude the possibility that this observation is due to a technical artefact, they suggest that there may indeed be a cell population that does not show a clear cell typespecific expression profile (Hermann et al., 2015) . However, these results must be interpreted with due consideration to the potential for stochastic noise (Wills et al., 2013; Singer et al., 2014) , which may explain the low percentage of cells exhibiting this dual expression pattern.
However, to our knowledge, this is the first study presenting RNAseq data from human spermatogonia. Although only a low coverage was achieved, reads mapped primarily to exonic regions, demonstrating the validity of the method. In addition to the results obtained with the general germ cell marker DDX4, those for EEF1A1, TSPY and DDX5 showed comparatively high coverage of sequencing reads. Evaluation of these four candidate markers with high RPKM values demonstrated a spermatogonia-specific expression in testicular tissue sections, which is in line with previous publications (Schnieders et al., 1996; Eckhardt et al., 2007; Mizuno et al., 2009; Arun et al., 2012) . This suggests that the obtained reads indeed provide first information concerning highly abundant transcripts in human spermatogonia. Staining results were also compared to those published in the Human Protein Atlas (Uhlen et al., 2010 (Uhlen et al., , 2015 . It has to be noted that the antibodies used in this study are all different from those published in this database. Nonetheless, staining patterns for TSPY1 and for DDX5 are comparable. Deviating results for NGN3 may be due to differences in tissue fixation, as the staining pattern for NGN3 in this study was only observed following fixation with 4% PFA and not Bouin's solution.
Expression of TSPY1, DDX5, NGN3 and EEF1A1 therefore corroborates the spermatogonial identity of the isolated cells and highlights the potential to identify novel spermatogonial markers within the obtained list of transcripts.
Single-cell profiling of human spermatogonia unveiled a high degree of heterogeneity among these cells, which would have been masked by traditional population analyses. Together with the corresponding protein data, we provide the first dataset suggesting that the recently proposed model of a heterogeneous stem cell pool applies to the human SSC system. Consequently, spermatogonia may have different probabilities for fate decisions at a given time point based on their transcriptional profile, but may behave similarly in the long term. Moreover, technologies such as RNA-seq present a powerful tool for identifying the transcriptome of spermatogonia. However, if heterogeneity is a key characteristic of human spermatogonia, the identification of a SSC-specific marker or the identification of a uniform spermatogonial fingerprint is likely to remain inconclusive. Future studies will assess expression of spermatogonial markers simultaneously with cell cycle genes to evaluate a potential interdependency. Additionally, the population dynamics of human spermatogonia and the influence of the microenvironment on the heterogeneity of these cells will be addressed. Finally, these studies will provide valuable information to assess function and malfunction of these cells in infertile patients. 
Supplementary data
Supplementary data are available at Molecular Human Reproduction online.
